The efficient exclusion of excess Na from the cytoplasm and vacuolar Na + accumulation are the main mechanisms for the adaptation of plants to salt stress. This is typically carried out by transmembrane transport proteins that exclude Na + from the cytosol in exchange for H + , a secondary transport process which is energy-dependent and driven by the proton-motive force generated by plasma-membrane and tonoplast proton pumps. Tonoplast enriched-vesicles from control and 150 mM NaCl-tolerant calli lines were used as a model system to study the activity of V-H + -PPase and V-H + -ATPase and the involvement of Na + compartmentalization into the vacuole as a mechanism of salt tolerance in Solanum tuberosum. Both ATP-and pyrophosphate (PP i )-dependent H + -transport were higher in tonoplast vesicles from the salt-tolerant line than in vesicles from control cells. Western blotting of tonoplast proteins confirmed that changes in V-H + -PPase activity are correlated with increased protein amount. Conversely, immunodetection of the A-subunit of V-H + -ATPase revealed that a mechanism of post-translational regulation is probably involved. Na + -dependent dissipation of a pre-established pH gradient was used to measure Na + /H + exchange in tonoplast vesicles. The initial rates of proton efflux followed Michaelis-Menten kinetics and the V max of proton dissipation was 2-fold higher in NaCl-tolerant calli when compared to the control. H + -coupled exchange was specific for Na + and Li + and not for K + . The increase of both the pH gradient across the tonoplast and the Na + /H + antiport activity in response to salt strongly suggests that Na + sequestration into the vacuole contributes to salt tolerance in potato.
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Introduction
Salinity has become a serious threat to agricultural production limiting plant growth and productivity worldwide (Rengasamy, 2006) . Today, approximately 20% of the world's cultivated land and nearly half of the irrigated land are affected by salinity (Sahi et al., 2006) . Salinity imposes two stress factors on plants: an osmotic component that results from the reduced water availability caused by an increase in osmotic pressure in the soil, and an ionic stress resulting from a solute imbalance, causing changes in the K + /Na + ratio and increasing the concentration of Na + and Cl -in the cytosol (Blumwald et al., 2000) . Sodium toxicity is caused mainly by the similarity of the Na + and K + ions to plant transporters and enzymes. Plant cells typically maintain a high K + /Na + ratio in their cytosol with relatively high K + , in the order of 100-200 mM, and low Na + , of about 1-10 mM (Higinbotham, 1973) . Thus, the efficient exclusion of Na + excess from the cytoplasm and vacuolar Na + accumulation are the main mechanisms for the adaptation of plants to salt stress. This is typically carried out by transmembrane transport proteins that exclude Na + from the cytosol in exchange for H + , a secondary transport process which is energy-dependent and driven by the proton-motive force generated by the plasma-membrane H + -ATPase (Serrano, 1989) , and by the vacuolar membrane H + -ATPase and H + -pyrophosphatase (Rea and Sanders, 1987; Rea and Poole, 1993) .
To cope with high salinity, efforts are undertaken to enhance the salt tolerance of economically important plants by traditional plant breeding as well as by biotechnological approaches (Flowers, 2004; Karrenberg et al., 2006 ). An in vitro culture approach has proved to be effective in the selection of salt-tolerant cell lines and the subsequent regeneration of whole plants with improved salt tolerance, such as alfalfa (Winicov, 1991) , rice (Winicov, 1996; Miki et al., 2001) , and potato (Ochatt et al., 1999) . These cell lines also provide an important tool to study the biochemical processes involved in salt tolerance. Thus, the addition of NaCl to suspension-cultured cells of Olea europaea enhanced the capacity of the polyol:H + symport system and the amount of OeMaT1 (Olea europaea mannitol transporter 1) transcripts, whereas it strongly repressed mannitol dehydrogenase activity providing intracellular accumulation of mannitol (Conde et al., 2007b) . Accumulation of other solutes such as polypeptides, amino acids, sugars, and ions has been implicated in the response to salt in tobacco (Watad et al., 1983; Binzel et al., 1987; Singh et al., 1987; Leone et al., 1994) and Alternanthera philoxeroides cell lines (Longstreth et al., 2004) . Moreover, a relationship between the antioxidant defence system and salt tolerance was demonstrated in cotton and sunflower calli lines grown under NaCl (Gossett et al., 1996; Davenport et al., 2003) . Gueta-Dahan et al. (1997) have also reported that salt tolerance acquisition in a citrus cell line was related to improved resistance to oxidative stress. Cell lines have also proved to be an important model to study the role of tonoplast and plasma membrane H + pumps and Na + /H + antiporters in salt tolerance in plants ( Blumwald et al., 2000) .
Potato (Solanum tuberosum L.) is one of the most important food crops in the world and is considered moderately salt sensitive (Katerji et al., 2000) . Since its planting area has been affected by soil salinity, a loss of potato production in arable land is currently expected, which is directly in conflict with the needs of the world population and with the challenge of maintaining the food supplies (Hmida-Sayari et al., 2005; Yamaguchi and Blumwald, 2005) . Therefore, it is of agricultural importance to analyse and improve the salt tolerance of potato.
In a previous study, two distinct callus cultures from explants of S. tuberosum young leaves, non-adapted and 150 mM NaCl-adapted, were selected and characterized (Queiró s et al., 2007) . The selection of 150 mM NaCltolerant callus was carried out by progressively growing non-adapted callus tissue on media with increased concentrations of NaCl. In this study, tonoplast-enriched vesicles from both callus cultures were used to study the activity and protein amount of vacuolar proton pumps and to characterize tonoplast Na + /H + exchange activity. The direct stimulation of the vacuolar Na + /H + antiport system is coordinated with the increased activity of the vacuolar H + pumps, V-H + -ATPase, and V-H + -PPase, which provide the driving force for the operation of the cation exchanger.
Materials and methods

Callus culture
The procedures for induction and subculture of callus tissue, and the method for selecting a NaCl-tolerant cell line have previously been described in detail (Queiró s et al., 2007) . Briefly, potato callus tissue (Solanum tuberosum L. cv. Désirée) was induced from young leaves. After induction, the callus tissue was separated from the explants and transferred to Lam (1977) medium supplemented with 0.5 mg l À1 benzylaminopurine and 2 mg l À1 2,4-dichlorophenoxyacetic acid (multiplication medium), on which it was cultivated for 28 d. Calli grown for three successive subcultures (of 28 d each) in the multiplication medium were designed as non-adapted calli line (control). The selection of 150 mM NaCl-tolerant calli was carried out by progressively growing non-adapted callus tissue on media with increased concentrations of NaCl. Callus tissue was firstly subcultured on medium containing 50 mM NaCl for 4 weeks, and then on medium supplemented with 100 mM NaCl for the same period, before being transferred to 150 mM NaCl. This NaCl-tolerant cell line was obtained after four successive subcultures on medium supplemented with 150 mM NaCl. To study the impact of salt on the growth and substrate consumption profile, suspension-cultured cells were prepared by transferring callus tissue to 250 ml flasks containing liquid mineral medium supplemented with 2% (w/v) sucrose and different salt concentrations. Cells were cultivated on a rotary shaker, at 100 rpm in the dark, at 25°C, and were subcultured weekly by transferring 10 ml aliquots into 50 ml of fresh medium. Maximal specific growth rates (l max ) were determined from dry-weight measurements. Aliquots (1-5 ml) were filtered through preweighed GF/C filters (Whatman). The samples were washed with deionized water and weighed after 24 h at 80°C. Sugar consumption (sucrose, fructose, and glucose) was monitored by HPLC.
Isolation of tonoplast vesicles
Tonoplast-enriched vesicles were isolated from non-adapted and 150 mM NaCl-tolerant potato calli lines using differential centrifugation and sucrose gradients (Fac xanha and de Meis, 1998). Callus tissue (150 g fresh weight) was placed directly into 200 ml of ice-cold extraction buffer, and all subsequent operations were carried out at 4°C. The extraction buffer consisted of 250 mM sucrose, 2 mM EDTA (pH 8.0), 2 mM dithiothreitol (DTT), 1 mM phenylmethyl sulphonyl fluoride (PMSF), 70 mM TRISHCl (pH 8.0), 3 mM MgCl 2 , 100 mM KCl, 0.1% (w/v) BSA and 0.2% (w/v) polyvinylpolypyrrolidone (PVPP). Callus tissue was homogenized with an Ultra-Turrax T25 device (IKAÒ WERKE, Janke and Kumkel IKA, Germany) for 5 min at 24 000 rpm, filtered through a layer of cheesecloth and centrifuged at 10 000 g for 10 min. Pellets were discarded and the supernatants centrifuged at 100 000 g for 60 min. The supernatant was aspirated and the microsomal pellet was resuspended gently in 8 ml ice-cold resuspension buffer containing 15% (v/v) glycerol, 1 mM DTT, 1 mM EDTA (pH 7.5), 1 mM PMSF, and 20 mM TRIS-HCl (pH 7.5). The microsomal suspension was then layered over a 32% and 46% (w/v) discontinuous sucrose gradient and centrifuged at 80 000 g for 3 h in a Beckman SW 28 rotor. The gradient solutions, in addition to sucrose, contained 20 mM TRIS-HCl (pH 7.5), 1 mM EDTA (pH 7.5), 1 mM DTT, and 1 mM PMSF. The tonoplast-enriched fraction was collected at the 0/32% sucrose interface, which was diluted four times in resuspension buffer and then centrifuged at 100 000 g for 30 min. The resulting pellet was resuspended in 600 ll of the resuspension buffer. The tonoplast vesicles were then frozen under liquid nitrogen and stored at -80°C until use. Protein concentration was determined by the method of Lowry et al. (1951) , using bovine serum albumin as the protein standard.
Proton transport assays
ATP-and pyrophosphate (PP i )-dependent H + transport across tonoplast vesicles was measured as the initial rate of fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA), as described by Fac xanha and de Meis (1998). Fluorescence quenching was monitored in a thermostated cell at 25°C using a Perkin Elmer LS-5B fluorescence spectrophotometer at excitation and emission wavelengths of 415 nm and 485 nm, respectively. For V-H + -ATPase, the reaction medium (2 ml) contained 10 mM MOPS-TRIS (pH 7.0), 100 mM KCl or 100 mM choline-Cl, ATP-BTP (0.05-1.0 mM), 2 lM ACMA, and 0-20 mM MgCl 2 . The reaction medium for V-H + -PPase contained PP i (0.002-0.1 mM) instead of ATP. Reactions were placed in a dark chamber of the spectrophotometer and were equilibrated with stirring for 5 min before beginning fluorescence readings. After the addition of tonoplast vesicles (20 lg of protein), the reactions were initiated by the addition of MgCl 2 (for V-H + -ATPase) or PP i (for V-H + -PPase), and quenching of fluorescence was allowed to proceed until a steady-state had been achieved. The initial rates of ACMA fluorescence quenching were regarded as the initial rates of H + -transport activity (D%F min À1 mg À1 protein).
Determination of V-H + -ATPase and V-H + -PPase hydrolytic activity
Rates of ATP and PP i hydrolysis were determined by measuring the release of inorganic phosphate (P i ). The reaction started with the addition of 20 lg of vacuolar membrane protein to a reaction mixture (final volume 1.5 ml) containing ATP or PP i , 3 mM MgSO 4 , 100 mM KCl, 0.02% (v/v) Triton X-100 in 50 mM MOPS-TRIS buffer (pH 7.2). After 5 min incubation at 30°C, the reaction stopped with the addition of 3% (w/v) TCA. The amount of P i released from either ATP or PP i was assayed using the method described by Adams (1990) and the absorbance measured at 880 nm. The values are presented as nmol P i released (mg À1 membrane protein min À1 ). For the determination of ATPase activity, P i release was measured with and without 50 mM KNO 3 (inhibitor of V-ATPase) and the difference between these two activities was attributed to the V-H + -ATPase.
Determination of the purity of the tonoplast fraction
The purity of the tonoplast preparations was estimated by assaying both hydrolytic and proton pumping activities of the V-H + -ATPase in the presence and absence of appropriate inhibitors. ATP hydrolysis at pH 7.2 (pH optimum of the V-H + -ATPase) was not affected by the F-ATPase inhibitor azide (NaN 3 ; 0.5 mM), while the P-ATPase inhibitor vanadate (Na 3 VO 4 ; 0.1 mM) and the V-ATPase inhibitor nitrate (KNO 3 ; 50 mM) reduced the initial rates of ATP hydrolysis by 13% and 72%, respectively. In addition, ATPdependent H + pumping activity, at pH 7.2, was completely inhibited by nitrate and only 5% by vanadate. These data suggest that the membrane fractions used in this study are enriched in tonoplast vesicles without any significant contamination from other cellular membranes.
SDS-PAGE and immunoblotting
SDS-PAGE of vacuolar membrane proteins was performed as described by Laemmli (1970) on 10% (w/v) polyacrylamide separating gel. Samples were heated in 50 mM TRISHCl, pH 6.8, 2% (w/v) sodium dodecyl sulphate (SDS), 5% (v/v) b-mercaptoethanol, and 10% (v/v) glycerol, at 70°C for 10 min, prior to electrophoresis. To visualize the protein bands, the gels were stained for 30 min with Coomassie Brilliant Blue R250 (0.125% (w/v) in 50% (v/v) methanol)/ 10% (v/v) acetic acid and were destained in 5% methanol/ 7.5% acetic acid (v/v) overnight. Proteins separated by SDS-PAGE were electro-transferred to a 0.45 lm thick nitrocellulose membrane (Schleicher and Schuel, Dassel, Germany) in a transfer buffer containing 50 mM trizma, 380 mM Salt tolerance in Solanum tuberosum | 1365 glycine, 0.02% (w/v) SDS, and 20% (v/v) methanol, using the TE Series transfer electrophoresis unit (Hoeffer Scientific Instruments). Following transfer, membranes were incubated in a blocking solution [5% (w/v) fat-free milk powder and 1% (w/v) bovine serum albumin in TRISbuffered saline (TBS), containing 0.1% (v/v) Tween 20] for 1 h at room temperature. They were then incubated overnight at 4°C with the primary antibodies against subunit A of the vacuolar H + -ATPase from mung bean (Maeshima, 2001 ) and the purified H + -PPase (Maeshima and Yoshida, 1989) , diluted 1:2000 in blocking solution. The membranes were washed three times in TBS containing 0.1% (v/v) Tween 20 and incubated with a 1:2000 dilution of anti-rabbit immunoglobulin G (IgG) conjugated to goat peroxidase (Vector Laboratories, Burlingame, CA, USA) for 45 min at room temperature. The membranes were washed, and immunodetection was performed using the chemiluminescent ECL detection substrate (Amersham). Relative levels of antigens on the nitrocellulose membranes were quantified by densitometric scanning (Bio-Rad, GS-800 densitometer) with the Quantity One Software (Bio-Rad).
Study of the activity and specificity of the tonoplast Na + / H + antiport system
The Na + /H + exchange activity was inferred from the Na + -induced dissipation of a preformed pH gradient established by the activity of the V-H + -PPase or V-H + -ATPase. The reaction media were the same as those used for H + transport assays. To evaluate the effect of K + on the Na + / H + exchange activity, KCl was substituted by choline-Cl before activation of the V-ATPase. After the fluorescence quenching had reached a steady-state, aliquots of the desired salt solution were added, and the initial rates of fluorescence recovery were determined during the first 15 s. Initial rates of Na + -dependent fluorescence recovery represented the activity of Na + /H + antiport (expressed as D%F min À1 mg À1 protein). The selectivity of the Na + /H + antiport was evaluated by adding various salts to dissipate the pH gradient in vacuolar membrane vesicles.
Results
Potato cell cultures and effect of salt on the growth and sugar consumption profile NaCl-tolerant calli was selected by progressively growing non-adapted callus tissue on solid media with increasing NaCl concentrations up to 150 mM. The selected cell lines sustained a regular growth on salt media, even after a subculture period on medium without NaCl, suggesting that this callus line had a stable salt tolerance (Queiró s et al., 2007) . When non-adapted calli were transferred to liquid mineral medium supplemented with 2% (w/v) sucrose and cultivated in the dark, in the absence of salt, the resulting cell population after three subcultures grew exponentially up to the 10th day and a specific growth rate (l max ) of 0. . In all experimental conditions, extracellular sucrose was completely hydrolysed within 5-6 d, and growth occurred together with glucose and fructose consumption. Prior to reaching the maximal population size (4-5 mg DW ml À1 ), sugar deficiency caused a restriction in the specific growth rate and growth arrest occurred after monosaccharide depletion (results not shown). Overall, these results suggest that salt-adapted cells may achieve similar growth and substrate consumption profiles in the presence of Na + , over control cells cultivated in the absence of salt.
Activity of V-H
+ -ATPase and V-H + -PPase and immunological detection in response to salt Proton pumping and hydrolytic activities of both V-H + -ATPase and V-H + -PPase were tested in tonoplast vesicles from control cells and from salt-tolerant calli lines. To measure the rate of transmembrane pH gradient formation and its magnitude at the steady-state, the fluorescence quenching of ACMA was monitored after energization with PP i or ATP (Figs 1A, 2A) . Hydrolytic activity was measured as the rate of P i released ( Figs 1C, 2C ). After energization, immediate fluorescence quenching signals were observed and both NH 4 Cl and CCCP (not shown) promptly recovered ACMA fluorescence, demonstrating that a pH gradient had been generated by both proton pumps ( Figs 1A, 2A ). The Mg-PP i complex is the actual substrate for V-H + -PPase (Rea and Poole, 1985) , but high Mg 2+ may form insoluble precipitates with PP i , impairing kinetic analysis. As can be seen in Fig. 2A (insert) , 5 mM Mg 2+ seem to fall in an appropriate concentration range to study V-H + -PPase activity. Initial velocities of proton pumping of both V-H + -ATPase and V-H + -PPase followed Michaelis-Menten kinetics allowing the determination of the kinetic parameters, K m and V max (Figs 1B, 2B ). Both ATP-and PP i -dependent H + -transport activities were 2-3-fold higher in vesicles from salt-tolerant calli line when compared to the values obtained in vesicles from control cells, and the hydrolytic activity of both proton pumps followed a similar pattern (Figs 1C,  2C) . Figure 3A shows that the polypeptide pattern after SDS-PAGE of tonoplast proteins from control cells differs from that of the NaCl-adapted line. To gain further insights into the regulation mechanisms of both proton pumps in response to salt, tonoplast proteins were probed with polyclonal antibodies raised against the V-H + -PPase and the V-H + -ATPase A subunit from mung bean. Densitometric analysis showed that the V-H + -PPase protein amount in the salt-tolerant calli line was significantly higher than in the control line (Fig. 3B ), which correlates with the observed changes in both hydrolytic and H + -pumping activity. Conversely, the amount of the V-H + -ATPase A subunit did not change significantly in response to salt (Fig. 3C ), suggesting that a mechanism of post-translational regulation of V-H + -ATPase is likely to be involved.
Activity of Na
+ /H + exchange system in response to salt
In order to evaluate the involvement of a Na + /H + antiport system on Na + sequestration into the potato vacuole, the effect of Na + in the dissipation of a pre-established pH gradient was measured in tonoplast vesicles from control and salt-adapted cell lines. Na + -induced proton movements were studied after the energization of tonoplast vesicles by PP i , as V-H + -PPase showed a greater efficiency in generating a transmembrane pH gradient. At the steady-state, aliquots of Na 2 SO 4 were added to the vesicle suspension to achieve 4-300 mM concentrations in the assay medium, a similar range to that used by Venema et al. (2002) to study the Arabidopsis Na + /H + exchanger AtNHX1 in acid loaded lipid vesicles, and the rate of fluorescence recovery was recorded (Fig. 4A ). The addition of increasing concentrations of Na + ions resulted in increasing rates of ACMA fluorescence recovery, consistent with a dissipation of the transmembrane pH gradient through a Na + /H + antiport system. The initial rates of proton efflux obeyed a saturation kinetics with respect to extravesicular Na + concentration, an apparent K m of 69 mM Na + being estimated in vesicles from control cells. In tonoplast vesicles from salt-adapted cell lines, the affinity for Na + slightly increased (K m ¼40 mM Na + ) and a 2-fold increase in the V max of proton efflux was detected (Fig. 4B) .
In order to investigate the ion specificity of the exchange activity, the ability of different salts to dissipate the preestablished pH gradient was determined in vesicles from salt-adapted cell lines, where the Na + /H + exchange activity was higher (Fig. 5) . After the formation of the DpH through V-H + -PPase activation (in the presence of 100 mM KCl in the assay medium), different sodium salts were added (final concentration 100 mM) that resulted in similar rates of exchange activity (Fig. 5A ). The addition of the chloride salt of Li + , a cation with a similar charge and ionic radius to Na + , also dissipated the DpH, although with a lower initial velocity. The addition of K + (in the form K 2 SO 4 and K-gluconate) promoted a slight fluorescence recovery, contrary to choline-Cl and KCl that induced a small stimulation in the fluorescence signal (Fig. 5A ). Previous studies of Hanana et al. (2007) showed that the vacuolar cation/H + antiporter from Vitis vinifera (VvNHX1) displays low affinity K + /H + and Na + /H + exchange activities. The possibility raised that the Na + /H + antiporter of S. tuberosum may accept K + led to an evaluation of the activity of the exchange system in the absence of K + by replacing KCl with choline-Cl in the assay medium and generating the pH gradient by the activation V-H + -ATPase, which does not require K + to work. The results presented in Fig. 5B and C suggest that, in contrast to the cation/H + antiporter from V. vinifera, the exchange system of S. tuberosum does not accept K + .
Discussion
The physiological and biochemical aspects of salt tolerance in plants have attracted considerable interest, since salinity is a crucial problem affecting plant cultivation in many parts of the world (Munns and Tester, 2008) . S. tuberosum is one of the most important food crops in the world and is considered moderately salt sensitive (Katerji et al., 2000) . In this study, a NaCl-tolerant cell line was used to elucidate the biochemical mechanisms underlying tolerance to salinity in this plant species. The electrogenic H + pumps V-H + -ATPase and V-H + -PPase are major components of the vacuolar membrane of plant cells (Maeshima, 2001 ). All plant species from which vacuolar membranes were studied exhibit V-H + -PPase activity in addition to V-H + -ATPase activity, with the notable exception of lemon, where the V-H + -PPase is absent (Mü ller et al., 1996) . In the present work it was also found that both V-H + -ATPase and V-H + -PPase generate and maintain the electrochemical gradient across the vacuolar membrane. However, the V-H + -PPase seems to be able to generate and maintain across the vacuolar membrane a higher pH gradient than the V-H + -ATPase, at PP i concentrations in the micromolar range, similar to that observed in several plant models (Shiratake et al., 1997; Nakanishi and Maeshima, 1998; Otoch et al., 2001; Terrier et al., 2001 ). Generally, V-H + -PPase activity is high in young tissues, whereas V-H + -ATPase activity is relatively constant during growth and maturation (Martinoia et al., 2007) . In growing tissues and exponentially growing cultured cells, a large amount of PP i is produced as a byproduct of several metabolic processes, and more PP i is available to be used as a source of energy for active transport of protons into the vacuoles (Pfeiffer, 1998; Maeshima, 2001) .
The regulation of both V-H + -ATPase and V-H + -PPase activity by salt is well reported in the literature; however, to date, no clear correlative pattern of activation or deactivation of both proton pumps in response to salinity has been found. Evidence for a decreased activity of V-H + -PPase with exposure to NaCl has been described several times (Nakamura et al., 1992; Bremberger and Lü ttge, 1992; Rockel et al., 1994; Wang et al., 2000 Wang et al., , 2001 Otoch et al., 2001 ), but it has been shown that the activity of V-H + -PPase increases in several plants grown within saline environments (Colombo and Cerana, 1993; Ballesteros et al., 1996; Parks et al., 2002) . Similarly, in a salt-adapted cell line of S. tuberosum the activity of V-H + -PPase increased about 3-fold over cells cultivated in the absence of salt. Overall, it appears that NaCl responses of the V-H + -PPase depends on plant species and type of treatment and cannot be generalized, as discussed by Wang et al. (2001) . However, with a few exceptions (Colombo and Cerana, 1993), a general sodium-induced increase in V-H + -ATPase activity in the plant's response to salt has been reported (Matsumoto and Chung, 1988; Reuveni et al., 1990; Nakamura et al., 1992; Zingarelli et al., 1994; Barkla et al., 1995; Ballesteros et al., 1997; Vera-Estrella et al., 1999; Otoch et al., 2001; Qiu et al., 2007) . In the halophyte Suaeda salsa, the hydrolytic and H + pumping activity of the V-H + -ATPase increased 2-fold in plants treated with 200 mM NaCl when compared with control plants (Qiu et al., 2007) . The same result was found in Mesembryanthemum crystallinum, where both V-H + -ATPase H + -transport and ATP hydrolytic activity were 2-fold higher in vesicles Salt tolerance in Solanum tuberosum | 1369 isolated from leaves of plants treated with 200 mM NaCl when compared with the activity measured in control plants (Barkla et al., 1995) . V-H + -ATPase H + -pumping was stimulated in NaCl-adapted cells of tobacco (Reuveni et al., 1990) , in salt-stressed roots of barley (Matsumoto and Chung, 1988) , mung bean (Nakamura et al., 1992) , and sunflower (Ballesteros et al., 1997) , as well as in cowpea seedlings subjected to NaCl (Otoch et al., 2001) . In accordance with these data, our results showed that both hydrolytic and H + pumping activities of V-H + -ATPase of S. tuberosum calli adapted to 150 mM NaCl increased in response to salt.
Proteomic analysis of tonoplast proteins have revealed novel transporters in plants and their role in important cell functions, including salinity tolerance (Martinoia et al., 2007) . This approach will help dissect the observed differences between the polypeptide patterns after SDS-PAGE of tonoplast proteins from control cells and NaCl-adapted lines of S. tuberosum. Immunoblot analysis showed that increased amounts of V-H + -PPase protein are present in the tonoplast of NaCl-tolerant calli, suggesting that the increased protein levels may be at least partly responsible for the stimulation of V-H + -PPase activity. Studies have shown that the V-H + -PPase is a proton pump that consists of a single polypeptide and exists as a dimmer of subunits of 71-80 kDa (Maeshima, 2000) . A control step enhancing transcription or protein translation rates and/or diminishing the turnover of the protein is most likely involved in the S. tuberosum cells in response to salt. By contrast, such correlation between enzyme activity and protein content was not found for the tonoplast V-H + -ATPase. Western blotting analysis revealed that the relative amount of subunit A of the V-H + -ATPase remained constant in NaCltolerant calli, despite the observed increase in both hydrolytic and H + -pumping activity in the salt-tolerant cell line. Although V-H + -ATPase is a multimeric protein consisting of up to 13 subunits, subunit A is part of the V 1 catalytic domain that is involved in ATP hydrolysis (Maeshima, 2000) . In addition, since subunits A and B are soluble proteins, the amount of subunit A present in the membrane fraction is most probably assembled as the V 1 -V O complex attached to the membrane. Therefore, the amount of subunit A probably represents the protein level of V-H + -ATPase, and post-translational modifications such as phosphorylation/dephosphorylation, the assembly of other subunits, or the action of regulatory proteins, might be involved. However, the analysis of the level of transcripts of other V-H + -ATPase subunits or the verification of their amount by Western blot would further contribute to elucidate the mechanisms of regulation. In leaves of M. crystallinum, 8 h after salt treatment, there was an increase in the transcript levels of subunit c mRNA but not of subunit A or B (Lö w et al., 1996) , which correlates well with the increase in activity of the V-H + -ATPase found in saltadapted M. crystallinum (Ratajczak et al., 1994; Barkla et al., 1995) . More recently, the Ser/Thr kinase SOS2 was implicated in the regulation of V-ATPase activity in Arabidopsis, co-ordinating changes in ion transport during salt stress (Batelli et al., 2007) . Phosphorylation and dephosphorylation of proteins is a common example of a post-translational modification that has the potential to alter protein activity (Gaxiola et al., 2007) . The recent demonstration that a WNK kinase can phosphorylate subunit C indicates that post-translational modifications are also involved in the regulation of V-H + -ATPase (HongHermesdorf et al., 2006) . Moreover, other factors may account for the regulation of tonoplast transport proteins, such as changes in lipid-protein interactions, since alterations in membrane lipid composition and structure have been associated with salt stress (Wu et al., 2005; Salama et al., 2007) , and ATPase activity could be regulated by changes in the membrane lipids (Yu et al., 1999; Zhao and Qin, 2005) . Additional evidence supporting post-translational regulation of the V-H + -ATPase in response to salinity was found in other plant models (Nakamura et al., 1992; Vera-Estrella et al., 1999; Dietz et al., 2001; Wang et al., 2001 ). However, a study utilizing salt-treated M. crystallinum cell suspensions failed to detect changes in the amount of V-H + -ATPase subunits, despite the increase in both hydrolytic and H + -transport activities of the V-H + -ATPase (Vera-Estrella et al., 1999) . In suspensions of tobacco cells grown in the presence of high salinity, Reuveni et al. (1990) also observed that the activity of the V-H + -ATPase was enhanced, although the immunoblot data indicated that there was a reduction in the amount of the enzyme. Authors discussed that the observed reduction in the amount of protein could be compensated for by an increased capacity of the enzyme for ATP hydrolysis and H + transport due to post-translational or allosteric regulation.
Vacuolar Na + /H + antiporters have been investigated as the key to salt tolerance in plants (Blumwald et al., 2000) . Evidence for a role of the tonoplast Na + /H + antiport in salt tolerance has been provided from several studies demonstrating induction of antiport activity upon exposure to NaCl (Staal et al., 1991; Barkla et al., 1995; Hamada et al., 2001; Parks et al., 2002; Qiu et al., 2007) . Vacuolar Na + /H + antiport activity has also been detected in tonoplast vesicles isolated from salt-tolerant glycophytic species, such as beet storage tissue (Blumwald and Poole, 1985) , roots of barley (Garbarino and DuPont, 1988) , sunflower (Ballesteros et al., 1997) , and rice (Fukuda et al., 2004) , as well as in tonoplast vesicles isolated from sugar beet cell suspensions (Barkla and Blumwald, 1991; Xia et al., 2002) . In A. thaliana, a vacuolar Na + /H + antiporter AtNHX1, homologue to the yeast Na + /H + exchanger NHX1, was cloned and functionally expressed in S. cerevisiae (Gaxiola et al., 1999) , and plants over-expressing the gene gained salt resistance to 200 mM NaCl, a concentration that damaged wild-type plants ( Apse et al., 1999) . Since then, several NHX homologues have been characterized in plants (Xia et al., 2002; Fukuda et al., 2004; Wu et al., 2004; Saqib et al., 2005; Hanana et al., 2007) . In the present paper, Na + -dependent dissipation of a pre-established pH gradient was used to measure Na + /H + exchange in tonoplast vesicles from control and salt-adapted potato cell lines. The initial rates of proton efflux followed Michaelis-Menten kinetics and the V max of proton dissipation was 2-fold higher in NaCl-tolerant calli as compared to the control, indicating the important role of the antiporter in Na + detoxification in S. tuberosum. The cloning, expression studies, and analysis of the promoter region of this antiporter will highlight its regulation mechanisms under salt stress. H + -coupled exchange in S. tuberosum cell lines was specific for Na + and Li + and not for K + , contrary to the cation/H + antiporter VvNHX1 from V. vinifera that transports K + with higher affinity than Na + (K m ¼12.8 and 40.2 mM, respectively) (Hanana et al., 2007) . The K m estimated for Na + -dependent H + efflux in potato cell lines was of the same order of magnitude as the K m of that VvNHX1 transporter, as well as the exchangers from A. thaliana (K m ¼45 mM; Venema et al., 2002) and M. crystallinum (K m ¼44-51 mM Na + ; Barkla et al., 1995) .
Although it is recognized that in vitro tissue cultures do not accurately simulate normal plant physiological conditions, they provide a convenient experimental system that has already yielded a lot of useful information on several key physiological, biochemical, and molecular processes such as sugar transport, gene expression, as well as plant salt stress tolerance (Vera-Estrella et al., 1999; Xia et al., 2002; Conde et al., 2006 Conde et al., , 2007a Yang et al., 2007) . The results presented here show that S. tuberosum cell lines can grow under high salinity and provide a useful experimental system for the investigation of the cellular mechanisms underlying the plant's response to high salinity. In summary, the observed increase of the electrochemical proton gradient across the tonoplast, through the up-regulation of both V-H + -ATPase and V-H + -PPase, combined with the stimulation of the Na + /H + antiport activity in response to salt, strongly suggest that the Na + sequestration into the vacuole contributes to salt tolerance in S. tuberosum cell lines.
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